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Abstract: The heating processes of amorphous NiTr,,,(x=lO,
16.7, 33.3) alloys were investigated with molecular dynamics simulations. The simulation results show that the crystallization of amorphous alloys during heating is controlled by the heating rate and
the alloy's composition. The slower heating rate depresses the crystallizing temperatures and the melting temperatures of the amorphous alloys. Crystallization can be eliminated at rapid heating rates, the critical value of which decreases with increasing Ni content
of the studied amorphous Ni-Zr alloys. Different crystalline structures formed during crystallizing depend on the heating rate, and the
transition between crystalline structures was observed in the heating processes.
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1. Introduction
Bulk amorphous alloys are developed and studied
extensively for their excellent physical and chemical
properties in recent years [l-51. Because the properties
of alloys are dependent on their microstructures, it is
important to understand their structural stability by
investigating the crystallizing behavior. At the same
time, the structural stability of an alloy depends on its
composition, so that the composition of an alloy is the
decisive factor that determines the properties of an
alloy. In this paper, the molecular dynamics (MD)
simulations were performed to study on the structural
evolution of Ni-Zr binary amorphous alloys during
heating. The effects of heating rates and alloys' compositions on the microstructural transition and crystallization behavior were discussed.

2. Computer simulation
The present molecular dynamics simulations have
been carried out as isothermal-isobaric calculations, in
which the systems are coupled to a bath with constant
temperature and constant pressure [6]. For the Ni-Zr
alloy systems under a periodical boundary condition,
Verlet velocity scheme [7] is implemented as the time
integration algorithm with the time step At equal to
2 . 5 ~ 1 0 - ls.~To determine the interatomic forces of difCorresponding author: Tao Zhang, E-mail: zhangtaa@buaa.edtt.cn

ferent atom pairs, the tight-binding potential of the NiZr alloy derived by Massobrio et al. [8-91 is introduced, in which the total potential energy of the system is given by

where r:p =

I

- r,! , and N is the total number of Ni

and Zr atoms. The parameters pap, qap, Aap , and
tap
for different pairs are provided in Refs. [8-91.
Interactions of atoms have been computed within the
spherical cutoff radius r, = 0.53 nm as in Ref. [9].
By molecular dynamics simulations, NiJr,m.x
(x=lO, 16.7, 33.3) alloys systems of 2048 atoms with
an arbitrary structure were first constructed, and then
they were run at 2500 K, which is higher than the
melting points of Ni (1728 K) and Zr (2125 K), for
l.0x105 time steps to obtain the equilibrium liquid
state. The liquid alloys were solidified at a cooling
rate of 2.0~10"Ws to obtain Ni-Zr amorphous alloys
at 300 K that are used as the samples to investigate the
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crystallization behaviors of amorphous alloys during
heating.
The Honeycutt-Anderson (HA) pair analysis technique [ 101 was employed to study the microstructural
evolution of the alloys. If two atoms are within a
given separating distance, they are said to form a bond.
The given separating distances of different atom pairs
are set to be equal to the position of the first minimum
in the corresponding pair correlation functions of corresponding radial distribution functions (RDF). The
separating distances of Ni-Ni, Ni-Zr and Zr-Zr decided by the adopted interatomic potential are 0.32, 0.37
and 0.42 nm, respectively [9]. With HA pair bond
analysis technology, the face-center cubic (fcc) structure is characterized by pair 1421, the hexagonal
closed-packed (hcp) structure is characterized by pair
1422, and the body-center cubic (bcc) is characterized
by pair 1441 and pair 1661, while large number of
pair 1551 and 2331 exist in liquid and glass. The
crystallizing behavior can be identified with the increasing of pairs 1421, 1422, 1441 and 1661 that
characterize crystalline structures.

3. Results and discussion
The solidified amorphous NiJrImx(x=lO, 16.7,
33.3) alloys were heated again at three heating rates of
4.0x10", 2.0~10"and 1.0~10"Us,which are denoted as rapid, middling and slow rate, respectively. The
crystallization behaviors of amorphous alloys during
heating can be identified with the sharp depression of
potential energies. The potential energy of the
Ni, 6.7Zr83.3
alloy that changes with temperature during
heating at different heating rates is illustrated in Fig. 1,
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from which crystallization can be found easily in the
case of the middling and the slow heating rates, while
it is obscure in the case of the rapid heating rate.
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Fig. 1. Potential energy of the Ni16.7Zr833
alloy as a function of temperature at different heating rates.

The atomic configurations of the alloys can help to
confirm the crystallization behavior during heating.
The atomic configuration of the amorphous Ni16_7Zr83,3
alloy at 300 K and that of the crystallized Ni,6.7Zr83.3
alloy at 1275 K in the case of middling rate are shown
respectively in Fig. 2(a) and (b), in which the smaller
spheres (in black) represent Ni atoms, and the bigger
spheres (in grey) represent Zr atoms. Pair distributions
of the heated Ni16.7Zr83.3
alloy in the rapid rate case
and the middling rate case at 1275 K are shown in Fig.
3. The shoulders appearing at the peaks of the second
to the fourth peak on the curve of radial distribution
function for the middling rate case, indicate the crystallized Ni16,7Zr83,3
alloy was obtained only at middling
heating rate.

Fig. 2. Atomic configurationof Nii6.7Zr83,3
at 300 K (a) and that of the crystallized alloy at 1275 K (b) in the case of middling
heating rate.

Comparing the simulation result of Ni16.7Zr83,3
at
middling heating rate with that at slow heating rate by
Fig. 1, it can be found that slow heating rate depresses
the crystallizing temperature and the melting temperature of the alloy. The slow heating rate provides

the longer relaxing time, so that the atoms in the alloy
have more chances to reach the lower energy structures, and the phase transition temperatures is lowered.
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Fig. 3. Radial distribution functions of the amorphous
(the rapid rate case) and the crystallized (the middling rate
case) Ni16,7Zr833
at 1275 K.

At different heating rates, the uniform structures of
the Ni-Zr alloys were obtained at temperatures below
800 K, and distinct crystallizations were observed at
the temperatures higher than 800 K. This indicates
that the relaxing time has little effect on the structural
transition at the lower temperatures. Therefore, the effects of extending relaxing time on the crystallization
behaviors of amorphous alloys are controlled by temperature, which determines the activity of atoms in the
alloy. On the other hand, as the drive force of crystallization decreases with increasing temperature below
the melting temperature, excessive raised temperature
does depress the crystallizing ability of amorphous
alloys. For example, the rapid heating rate induces
Ni16.7Zrg3,3
transforming into liquid state straightly.
Although the total relaxing time at the higher temperature in the case of rapid heating rate approximates
that at the lower temperature in the case of middling
heating rate, no visible crystallization was observed
for the former case. It can be concluded that the crystallization behaviors of amorphous alloys are controlled by the interactions of heating rate and temperature.
The occurrence of structure transformation in an
alloy can be identified more clearly with HA pair
bond analysis technique. Evolutions of several bond
pairs in the Ni16.7Zr83.3
alloy during heating at the middling and the slow rates are shown in Fig. 4, from
which it can be found that the transition temperatures
of different structures in the alloys are different from
each other.
Obvious increasing of crystalline structures (pair
1441, 1661, 1421) in the Nii6.7Zr83.3
alloy are identified to start at about 960 and 860 K for the case of
middling and slow heating rates, respectively. The nucleation and growth rates of different structures are
different under the different heating conditions. The
bcc structures are always more than fcc structures in
the case of middling heating rate, while it is otherwise
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in the case of slow heating rate that the main crystalline structure is fcc. The growth rates of different
structures can be identified with their relative growirlg
driving forces. The free energies of the structures depend on the temperatures and differ with each other,
so that the transition driving force AG and the activation energy Q of different structures in the same environment are different from each other. The crystallization driving forces of the different structures at a
temperature are responsible for their formation abilities. It is the competition between the fcc and bcc
structures that results in different proportions of crystalline structures at different crystallizing temperatures.
During the melting processes of the crystallized
Ni16.7Zr83.3
alloy at the middling heating rate, transition
from bcc structures (pair 1441 and 1661) to fcc structures (pair 1421) was observed in the temperature
range from 1260 to 1430 K (see Fig. 4(a)). This
structural transition was also seen in the case of slow
heating rate that the fast increasing of fcc structures
companied the decreasing of bcc structures from 1000
to 1175 K. These phenomena manifest that the stability of different crystalline structures differ each other,
and the fcc structures are stable than bcc structures in
the Ni-Zr alloys at the temperatures mentioned above.
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Fig. 4. Evolutions of several structures characterized
bond pairs in Ni,6.,Zr83,3at middling (a) and slow heating
rates (b).
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Slower heating rate is beneficial to the formation
and the growth of crystalline kernel, and there exists a
critical heating rate R, for an alloy to avoid crystallizing during heating. The middling rate is sufficient to
obtain all the amorphous Ni,ZrlOo_,(x=10, 16.7, 33.3)
alloys during cooling, but it results in crystallization
during heating for the N~,,,ZI-,~and Ni16.7Zr83,3
amorphous alloys. This illustrates that the critical cooling
rate is far less than the critical heating rate for an alloy
to avoid crystallizing, which has also been observed in
experiments [ll]. Schroers et al. [ll] has found that
the critical heating rate is 200 times of the critical
cooling rate for a Zr-based amorphous alloy to avoid
crystallization.
The crystallization behaviors of the amorphous

NiJr,,,,,-,
(x=lO, 16.7, 33.3) alloys at three heating
rates are summarized in Table 1, from which the composition dependence of thermal stability can be seen.
At the rapid rate, crystallization cannot be avoided for
Ni,oZr90,while no crystallizing is found for Ni,6,7Zr83,3
no detected crystalliand Ni33.3Zr66.7.
For Ni33.3Zr66.7,
zation was found even at the slow heating rate. Therefore, it is deduced that the critical heating rate of these
Ni-Zr alloys decreases with increasing Ni content, and
R, of the NiJr,m-x alloys depends severely on the alloys’ composition. The composition dependence of R,
actually reflects the glass forming ability (GAF) of the
alloys that the smaller R, during heating corresponds
to the higher GAF of the alloys.

Table 1. Crystallizing behaviors of the amorphous Ni,Zr,,
Heating rate
Rapid
Middling

alloys at different heating rates

Composition
x=10

x=16.7

x=33.3

Crystallizing
Crystallizing

Not
Crystallizing

Not
Not

4. Conclusions
Molecular dynamics simulations of amorphous
NixZrlm-, (x=lO, 16.7, 33.3) alloys during heating
show that the crystallization behaviors of amorphous
alloys are determined by the interactions of heating
rate and temperature. Proportions of different crystalline structures are dependent on the heating rate conditions, and the transition between different crystalline
structures was observed during heating. Comparisons
of the simulation results at different heating rates indicate the composition dependence of crystallization behaviors and the critical heating rate to avoid crystallization decreases with increasing Ni content in these
studied Ni-Zr alloys.
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